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Summary
Background: Homolog pairing, synaptonemal complex (SC)
assembly (chromosome synapsis), and crossover recombina-
tion are essential for successful meiotic chromosome segre-
gation. A distinguishing feature of meiosis in budding yeast
and mammals is that synapsis between homologs depends
upon recombination; however, the molecular basis for this
contingency is not understood.
Results: We show here that the yeast proline isomerase Fpr3
and the small ubiquitin-like modifier (SUMO) ligase Zip3
ensure that SC assembly is dependent upon recombination
initiation. When Fpr3 and Zip3 are absent, synapsis occurs
even in a mutant that fails to initiate recombination and
homolog pairing. Fpr3 and Zip3 appear to specifically prevent
synapsis initiation at centromeric sites. This result is consis-
tent with previous observations of SC proteins localizing to
centromeres prior to and independent of meiotic recombina-
tion initiation. Finally, we show that without Fpr3 and Zip3
activities, the synapsis initiation components Zip2 and Zip4
are dispensable for chromosome synapsis.
Conclusions: Fpr3 and Zip3 represent parallel pathways
that function in a checkpoint-like manner to ensure that
chromosome synapsis is contingent on the initiation of recom-
bination. We propose that, during normal meiosis, Zip2 and
Zip4 act downstream of recombination signals to oppose
Fpr3- and Zip3-mediated inhibitions to initiating SC assembly
at centromeres. These data suggest a role for centromeres in
coordinating major meiotic chromosomal events and draw an
interesting parallel between yeast centromeres and C. elegans
pairing centers.
Introduction
During meiosis, the two members of every homologous chro-
mosome pair segregate from one another in order to generate
viable gametes. Homologs must first physically associate in
order to ensure that they orient properly on the meiosis I
spindle and subsequently move toward opposite spindle
poles. For most organisms, homologous chromosome align-
ment (pairing), crossover recombination, and chromosome
synapsis are the major chromosomal events that promote
stable homolog associations.
Conceptually, stable pairing between homologous chromo-
somes involves two steps: homolog pairing, followed by
*Correspondence: shirleen.roeder@yale.edu
3Present address: Department of Molecular Biology and Biochemistry,
Wesleyan University, Middletown, CT 06459, USAreinforcement of paired associations. In some organisms, early
steps in recombination are required for initial homologous pair-
ing [1]. Furthermore, meiotic recombination events leading to
a crossover outcome result in physical links that stabilize
homolog associations. Thus, meiotic recombination appears
to contribute to both pairing and reinforcement. On the other
hand, synaptonemal complex (SC) assembly (i.e., synapsis) is
clearly involved in reinforcement. The SC is formed by the
assembly of ‘‘central region’’ proteins at the interface of the
proteinaceous cores of lengthwise-aligned chromosomes [2].
The SC appears to bolster and/or maintain initial paired associ-
ations, either through a direct, structural role or by promoting
a normal level and distribution of crossover events. Although
normally a hallmark of successful homolog alignment, SC is
not a prerequisite for homologous pairing. Moreover, SC can
form between nonhomologous chromosomes [3–7].
The fact that SC assembly does not intrinsically require
homologous chromosomal associations raises the question
of how homology recognition is coordinated with reinforce-
ment of paired associations, such that synapsis does not
occur inappropriately between nonhomologous chromo-
somes. In budding yeast, SC does not form if early recombina-
tion and pairing events fail to occur. Zip1 is a major structural
component of the SC central region, whereas Zip2, Zip3, Zip4/
Spo22 and Spo16 are synapsis initiation complex proteins that
localize to synapsis initiation sites and are required for the initi-
ation and/or progression of SC assembly [8–13]. In the
absence of recombination and homolog pairing, the bulk of
Zip1 and synapsis initiation complex proteins coassemble
into an extrachromosomal structure, called a polycomplex,
and a limited amount of Zip1 and Zip3 localizes to centromeric
chromosomal regions, but SC does not form. How do cells
regulate synapsis to ensure that SC does not assemble on
chromosomes at the wrong time?
Here, we demonstrate that multiple pathways prevent inap-
propriate synapsis during meiosis in budding yeast. We show
that in the combined absence of a proline isomerase protein,
Fpr3, and a small ubiquitin-like modifier (SUMO) ligase protein,
Zip3, SC assembles on chromosomes even in the absence of
meiotic recombination initiation and homolog pairing. Our
data suggest that Fpr3 and Zip3 regulate Zip1 in mechanisti-
cally different ways to ensure that SC assembly is contingent
upon earlier chromosomal events, such as homolog pairing.
Moreover, we provide evidence that Zip2 and Zip4 normally
oppose the Fpr3 and Zip3 pathways in order to link recombina-
tion and/or pairing with synapsis. Furthermore, our data
strongly suggest that Fpr3 and Zip3 regulate synapsis specif-
ically at centromeres. This result bolsters the notion that
centromeres are a special subset of synapsis initiation sites
in budding yeast and suggests a role for centromeres in coor-
dinating homolog pairing with synapsis.
Results
Fpr3 Regulates Zip1 Spatial Distribution in spo11 Meiotic
Cells
To identify factors that prevent SC assembly when recombina-
tion and chromosome pairing fail, we transposon mutagenized
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Figure 1. Fpr3 Regulates Zip1 Spatial Distribu-
tion in Meiotic Nuclei of spo11 Mutants
(A and B) Zip1-GFP in live diploid cells at mid-
meiotic prophase. Images in (B) show the
midsection of fixed, semi-intact meiotic nuclei.
Staining with anti-Nsp1 antibody to mark the
nuclear envelope (blue), DAPI to label DNA
(red), and anti-Zip1 antibody (green) reveals
increased dispersion of Zip1 throughout the
nucleoplasm of spo11 fpr3 cells compared to
spo11 cells. Scale bars represent 1 mm.
(C) The frequency of polycomplexes was scored
in meiotic prophase nuclei (selected based on
the presence of the meiosis-specific chromo-
somal protein Red1) that were surface-spread,
via a standard method that extracts nucleo-
plasmic material [8], 16 hr after introduction into
sporulation medium. The number of nuclei
scored was 189, 150, 153, and 113 for spo11,
spo11 fpr3, spo11 zip3, and spo11 zip3 fpr3
mutants, respectively. The following pairs of
strains showed significant differences (p <
0.0001 by two-sided Fisher’s exact test): spo11
versus spo11 fpr3, spo11 versus spo11 zip3,
and spo11 zip3 versus spo11 zip3 fpr3.
(D) Immunoblot of Zip1 immunoprecipitated from
meiotic cell extracts. Each strain carried an ndt80
mutation, which causes pachytene arrest. Thus,
after 24 hr of sporulation, when extracts were prepared, the majority of cells were in late prophase. The level of multiple, discrete Zip1 bands running
between 90 and 150 kDa is similar between spo11 and spo11 fpr3 cells. Labeling of a-tubulin on the same blot confirms that similar quantities of extract
were loaded.[14] a strain expressing a Zip1-GFP fusion [15] and lacking the
Spo11 enzyme, which is required for recombination initiation.
We screened for mutations that disrupt the spatial distribution
of Zip1-GFP in spo11 meiotic nuclei (see the Supplemental
Experimental Procedures available online). At the pachytene
stage of meiotic prophase, wild-type cells expressing Zip1-
GFP display dynamic, flexible ‘‘lines’’ moving throughout the
nucleus, corresponding to full-length SCs [15] (Figure 1A;
Movies S1 and S4). On the other hand, spo11 meiotic cells
producing Zip1-GFP exhibit a single bright GFP focus, corre-
sponding to a polycomplex (Figure 1A; Movies S2 and S5).
We reasoned that meiotic spo11 ZIP1-GFP cells carrying
a mutation in a regulator of SC assembly might exhibit moving
Zip1-GFP lines instead of a bright focus.
Two independent transposon insertions identified a role for
the proline isomerase Fpr3 in regulating Zip1 distribution
during meiosis. Live spo11 meiotic cells carrying either inser-
tion in FPR3 exhibited a reduced frequency and size of poly-
complexes, with Zip1-GFP nonuniformly dispersed, in linear
segments, throughout the nucleus (Movies S3 and S6). We
created a spo11 strain carrying an fpr3 deletion and observed
the same effect on Zip1-GFP distribution (Figure 1A).
We used the fpr3 deletion in combination with an untagged
ZIP1 gene for all subsequent experiments. The presence of
Zip1 in meiotic nuclei was further examined via immunofluo-
rescence on cells fixed with a method that preserves most
nuclear membrane and nucleoplasmic contents (Figure 1B).
In such ‘‘semisquashed’’ nuclei from spo11 meiotic prophase
cells, Zip1 protein was either hardly detectable or aggre-
gated into a large polycomplex. In contrast, Zip1 was
dispersed throughout the nuclei of spo11 fpr3 meiotic cells.
To assess whether spo11 fpr3 nuclei assemble Zip1 on
chromosomes, lysed meiotic nuclei were fixed and spread
on glass slides via a technique that removes nucleoplasmic
and cytoplasmic structures but preserves chromatin and
associated proteins, including SCs and polycomplexes.Zip1 linear stretches were not detectable on spo11 fpr3 chro-
mosomes at any stage in meiotic prophase, indicating that
abnormally distributed Zip1-GFP in spo11 fpr3 cells corre-
sponds to nucleoplasmic Zip1, not Zip1 assembled on chro-
mosomes.
Immunofluorescence analysis of spread nuclei confirmed
that polycomplex formation was reduced in cells containing
an fpr3 mutation. At 16 hr after introduction into sporulation
medium, about half of spo11 meiotic nuclei exhibited a Zip1
polycomplex (Figure 1C). In contrast, significantly fewer
spo11 fpr3 cells (7%) exhibited polycomplexes (p < 0.0001)
(Figure 1C). The synapsis initiation complex protein Zip3
must normally act to discourage polycomplex formation in
spo11 cells, because a significantly greater fraction of spo11
zip3 meiotic cells (82%) exhibited a polycomplex (p < 0.0001)
(Figure 1C). The fpr3 mutation significantly reduced the
frequency of polycomplex formation in spo11 zip3 cells (p <
0.0001) (Figure 1C).
Total levels of Zip1 protein were similar between spo11 and
spo11 fpr3 cells at mid-meiotic prophase (Figure 1D). Thus,
instead of regulating overall levels of Zip1, the Fpr3 protein
appears to promote the aggregation of Zip1 protein into poly-
complexes under circumstances that prevent SC assembly on
chromosomes.
Fpr3 Localizes to Polycomplexes
Fpr3 localizes predominantly to nucleoli during mitotic growth
but disperses throughout the nucleoplasm upon progression
into meiosis [16, 17]. Fpr3 was present in the nucleoplasm of
spo11 meiotic cells (data not shown), indicating that the redis-
tribution of Fpr3 during meiosis is independent of recombina-
tion. Interestingly, we further observed that Fpr3 colocalized
with Zip1 in polycomplexes in spo11 and zip3mutants (Figures
2A and 2B) and in meiotic cells of the SK1 wild-type strain
(which, unlike cells of the BR strain used in most of our exper-
iments, contain polycomplexes) (Figure 2C).
Synapsis Regulation at Centromeres
1521Fpr3 and Zip3 Together Prevent SC Assembly on Unpaired
Chromosomes in spo11 Mutants
Our analysis of Fpr3 led us to an unexpected role for the syn-
apsis initiation complex protein Zip3 in preventing synapsis.
Whereas meiotic nuclei from spo11 fpr3 cells did not assemble
Zip1 on chromosomes (>100 nuclei scored), 34% (n = 198) of
nuclei from the spo11 zip3 fpr3 triple mutant displayed robust,
sometimes extremely long and continuous, linear stretches of
Zip1 on meiotic chromosomes (Figure 3B–3D and 3F–3H).
spo11 zip3 fpr3 triple mutants exhibited between one and
fifteen Zip1 linear stretches, corresponding to up to 13 mm of
Zip1 length per nucleus (Figures 3G and 3H) (in wild-type,
Zip1 cumulative length measures up to 24 mm; see below).
Nuclei in spo11 zip3 double mutants exhibited one or two
Zip1 linear stretches only very rarely (Figure 3G).
The small ubiquitin-like modifier protein, SUMO, colocalizes
with Zip1 assembled in the context of SC and is dependent on
Zip1 assembly within the SC central region for its localization
to synapsed chromosomes [18, 19]. If the Zip1 stretches
exhibited by spo11 zip3 fpr3 cells reflect normal SC central
region assembly, SUMO should colocalize with Zip1 stretches
in the triple mutant. Indeed, SUMO labeled the Zip1 stretches
exhibited by spo11 zip3 fpr3 meiotic nuclei (Figure 3F).
Like spo11 single mutants, spo11 zip3 fpr3 meiotic cells
showed no induction of gene conversion above mitotic levels.
Thus, the zip3 and fpr3 mutations do not permit Zip1 polymer-
ization by suppressing the spo11 defect in double-strand
break formation (Table 1).
Two types of analyses indicated that the absence of Fpr3
and Zip3 allows synapsis to occur in the absence of homolo-
gous pairing. First, pairing between homologous centromeres
(CENXI) was monitored with LacO arrays in combination with
LacI-GFP expressed in trans [20] (Figure 4A). Immunofluores-
cence on chromosome spreads from the spo11 zip3 fpr3
triple mutant revealed that Zip1 assembles on unpaired CENXI
spo11
zip3
WT (SK1)
  DNA/Fpr3              Zip1           DNA/Fpr3/Zip1
A
B
C
Figure 2. Fpr3 Localizes to Polycomplexes
Meiotic prophase nuclei from genetic backgrounds known to form polycom-
plexes were labeled with DAPI to mark DNA (blue), anti-Fpr3 antiserum
(green), and anti-Zip1 antibodies (white in middle panels, red in right panels).
Fpr3 and Zip1 colocalize as a large aggregate, the polycomplex, in nuclei
from spo11 (A), zip3 (B), or wild-type (C) cells of the SK1 strain. Scale bar
represents 1 mm.chromosomal regions (Figure 4B). Second, SC assembly
was examined in haploid cells, where chromosomes are
devoid of pairing partners. Haploid cells forced to undergo
DNA
Zip1
A C
spo11 spo11 zip3 fpr3
Red1 Zip1 Red1
Zip1
spo11 zip3 fpr3
G H
D
WT
Zip1                          SUMO                         
Zip1
SUMO
spo11 zip3 fpr3
Zip1                          SUMO                         Zip1
SUMO
E
F
B
spo11 zip3 fpr3
DNA
Zip1
DNA
Zip1
s
p
o
1
1
s
p
o
1
1
 f
p
r
3
s
p
o
1
1
 z
ip
3
s
p
o
1
1
 z
ip
3
 f
p
r
3
0
5
10
15
#
Z
ip
1
s
t
r
e
t
c
h
e
s
p
e
r
n
u
c
le
u
s
pc
s
p
o
1
1
s
p
o
1
1
 f
p
r
3
s
p
o
1
1
 z
ip
3
s
p
o
1
1
 z
ip
3
 f
p
r
3
0
5
10
15
C
u
m
u
la
t
iv
e
le
n
g
t
h
o
f
Z
ip
1
(
μm
)
p
e
r
n
u
c
le
u
s
Figure 3. Zip3 and Fpr3 Together Regulate Synapsis in spo11 Mutant Cells
(A–F) The molecules labeled are indicated, along with their corresponding
colors, in the upper right of each panel. Scale bar represents 1 mm.
(A–D and F) Linear stretches of Zip1 on meiotic chromosomes in spo11
mutants. Surface-spread nuclei were labeled with anti-Zip1 antibodies,
DAPI (to mark DNA), anti-Red1 antibodies (to label chromosome cores
[33]), and anti-Smt3 antibodies (to mark SUMO).
(D) Examples of Zip1 linear stretches that colocalize with Red1 are indicated
by arrows; the few stretches that do not colocalize with Red1 (arrowheads)
(but usually colocalize with DAPI; not shown) appear to emanate from the
polycomplex (pc).
(E and F) SUMO decorates Zip1 linear stretches in mid-prophase nuclei from
wild-type cells (E) and from spo11 zip3 fpr3 mutant cells (F).
(G and H) The extent of Zip1 polymerization in nuclei from various strains is
displayed on scatter plots. In (G), each nucleus is plotted along the y axis
according to the total number of distinct Zip1 stretches it contains. In (H),
each nucleus is plotted along the y axis according to the total cumulative
length of Zip1 it contains. A horizontal black bar indicates the mean for
each strain. The fraction of nuclei exhibiting one or more Zip1 linear
segments was 6 of 57 for spo11 zip3 and 67 of 198 for spo11 zip3 fpr3
mutants. (100 nuclei were plotted for spo11 and spo11 fpr3.) Polycom-
plexes, which sometimes are linear in shape but stain more intensely than
stretches of synaptonemal complex (SC), were not included in these counts.
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1522sporulation can progress through meiotic prophase and
assemble SC [21]. SC assembly in haploid cells is dependent
on Spo11 activity: no Zip1 linear stretches were detected in
nuclei from spo11 haploid cells at mid-prophase (n = 57)
(Figures 4C–4E). In contrast, 74% (n = 57) of mid-prophase,
haploid nuclei from the spo11 zip3 fpr3 triple mutant exhibited
between one and eight distinct Zip1 linear stretches per
nucleus and up to 12 mm of linear Zip1 per nucleus (Figures
4C–4E). Thus, Spo11-independent SC assembly induced by
the combined absence of Zip3 and Fpr3 does not require the
presence of homologs.
Table 1. Meiotic Induction of Gene Conversion
Genotype
Hours of
Sporulation
His+ Spores
(3 1025)
Arg+ Spores
(3 1025)
spo11 0 7.8 (6 1.1) 1.6 (6 2.5)
spo11 80 6.4 (6 1.7) 0.5 (6 0.5)
spo11 zip3 fpr3 0 6.5 (6 1.2) 1.7 (6 0.2)
spo11 zip3 fpr3 80 4.8 (6 1.1) 0.6 (6 0.2)
Meiotic gene conversion was measured at 0 and 80 hr following introduction
of spo11 or spo11 zip3 fpr3 mutant cells into sporulation medium. Whereas
gene conversion is induced 100- to 1000-fold at HIS4 and ARG4 during
meiosis in wild-type cells of the BR1919 background [34], spo11 cells expe-
rience no induction above mitotic levels. Frequencies of prototrophs are the
averages of three independent cultures; standard errors are indicated in
parentheses following the frequency values.Taken together, these observations suggest that Fpr3 and
Zip3 function in parallel to prevent inappropriate SC assembly
on chromosomes.
Synapsis Initiates Predominantly at Centromeres in spo11
zip3 fpr3 Meiotic Cells
More than half of SC initiations occur at centromere regions
[20, 22]. In spo11 mutants, the Zip1 protein localizes specifi-
cally to centromeres, raising the possibility that the inappro-
priate synapsis exhibited by spo11 zip3 fpr3 meiotic nuclei
initiates preferentially at centromeric locations. To address
this question, we colabeled Zip1 and the centromeric protein
Ctf19 on spread meiotic chromosomes (Figure 4F). We then
selected Zip1 stretches that appeared based on their length
to have recently initiated synapsis (see Supplemental Experi-
mental Procedures) and measured the fraction associated
with a centromere. We found that over 90% of short Zip1
stretches in spo11 zip3 fpr3 meiotic nuclei (diploid or haploid)
were centromere associated (Figure 4G). Thus, in the absence
of recombination initiation, Zip3 and Fpr3 prevent SC
assembly at centromeric synapsis initiation sites.
Zip3 and Fpr3 Prevent Synapsis Initiation at Centromeres
in Recombination-Proficient Cells
Because Fpr3 and Zip3 prevent SC assembly from initiating at
centromeres in spo11 meiotic cells, we wondered whetherD EC
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Figure 4. Zip1 Assembly Occurs on Unpaired
Chromosomes and Initiates at Centromeres in
the spo11 zip3 fpr3 Triple Mutant
(A and B) Meiotic nuclei carrying a LacO array
inserted at each centromere XI (CENXI) were
labeled to assess the colocalization of Zip1 (green)
with homologousCENXI regions (blue, arrows and
arrowheads). All centromeres (CEN) were labeled
with Ctf19-myc (red). Arrows indicate cases where
CENXI is incorporated into a Zip1 linear segment;
arrowheads indicate centromeres unassociated
with Zip1. Scale bar represents 1 mm.
(A) TwoCENXI foci associate with a Zip1 stretch in
a wild-type cell, indicating homologous synapsis.
Homologously synapsed CENXI signals were
sometimes fused and sometimes unfused (as in
this example).
(B) Meiotic nuclei from spo11 zip3 fpr3 triple
mutants frequently exhibited a Zip1 stretch that
encompassed an unpaired CENXI focus.
(C) Haploid meiotic nuclei from (MATa/MATa)
spo11 or spo11 zip3 fpr3 cells were labeled with
DAPI (blue) and anti-Zip1 antibodies (green) 20 hr
after induction of meiosis.
(D and E) Extent of Zip1 polymerization in haploid
meiosis depicted via scatter plot. Nuclei for each
strain were plotted as described in Figures 3G
and 3H. The fraction of nuclei exhibiting one or
more Zip1 linear segments was 0 of 57 for
spo11, 9 of 79 for spo11 fpr3, 19 of 53 for spo11
zip3, and 42 of 57 for spo11 zip3 fpr3 haploid cells.
(F) Zip1 (green) and centromeres (CEN) (Ctf19,
red) were labeled on meiotic chromosome
spreads from spo11 zip3 fpr3 diploid and haploid
cells. Scale bar represents 1 mm.
(G) Percent of short Zip1 stretches (0.35–0.65 mm
in length, representing the most recent synapsis
initiations) that are centromere associated. The
number of short Zip1 stretches analyzed was 71,
60, and 64 for spo11 zip3 fpr3 (2n), spo11 zip3
(1n), and spo11 zip3 fpr3 (1n), respectively.
Synapsis Regulation at Centromeres
1523they also negatively regulate synapsis in recombination-profi-
cient (SPO11+) cells. We quantified synapsis in wild-type cells
and fpr3, zip3, and fpr3 zip3 mutants by measuring the cumu-
lative length of Zip1 and by counting the number of Zip1
stretches exhibited by meiotic nuclei at all stages of synapsis.
As reported previously [22], the cumulative length of Zip1 was
significantly lower, and synapsis initiations were enriched at
centromeres, in nuclei from the zip3 mutant compared to
wild-type (Figures 5A and 5C). Analysis of the fpr3 single
mutant indicated that Fpr3 does not regulate either the kinetics
or centromere association of synapsis events in otherwise
wild-type meiotic nuclei (Figures 5B–5D). On the other hand,
fpr3 zip3 double-mutant cells exhibited cumulative lengths of
Zip1 per nucleus that were not significantly different from
wild-type nuclei scored at similar time points (Figure 5C), as
if Fpr3 mediates the synapsis delay observed in the zip3
mutant. Although fpr3 suppressed the zip3 defect in synapsis,
it did not suppress the defects in meiotic progression and
spore viability (Figure S2).
Closer analysis revealed that the fpr3 mutation did not
precisely rescue synapsis in zip3 mutants: fpr3 zip3 double-
mutant cells maintained a deficit in noncentromeric synapsis
initiations. Although the number of individual Zip1 stretches
per nucleus in fpr3 zip3 double mutants was higher on average
than in zip3 single mutants, it nevertheless rarely exceeded 16,
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Figure 5. fpr3 Mutation Allows Increased Synapsis from
Centromeres in Cells Missing Zip3
(A) The average extent of Zip1 polymerization on chromo-
somes is higher in nuclei from zip3 fpr3 (top panels) than in
nuclei from zip3 (bottom panels) cells at a similar time point
in meiotic prophase. Labeled molecules and their respective
colors are indicated at the upper right of each panel. Scale
bar represents 1 mm.
(B and C) The extent of Zip1 polymerization was measured at
multiple time points for the zip3 fpr3 double-mutant and
control strains. Nuclei were plotted on each graph as
described in Figures 3G and 3H. At least 50 nuclei were
plotted for each strain. At 16 hr, both the number of Zip1
stretches (B) and their cumulative length (C) were signifi-
cantly reduced in zip3 mutants compared to the other strains
(p < 0.0001 by Mann-Whitney two-tailed test); these values
were not significantly different between wild-type and zip3
fpr3 strains.
(D) Frequency of centromere-associated short Zip1 stretches
(0.35–0.65 mm in length) from nuclei at 10 and 16 hr time
points. Because synapsis is delayed in the zip3 mutant,
nuclei at 24 hr after induction of sporulation were also
included. The number of short Zip1 stretches analyzed was
521, 643, 290, and 195 for wild-type, fpr3, zip3, and zip3
fpr3 cells, respectively. Significant differences were
observed between the following pairs of strains (p < 0.0001
by two-sided Fisher’s exact test): zip3 versus wild-type,
zip3 versus fpr3, zip3 fpr3 versus wild-type, and zip3 fpr3
versus fpr3. No significant differences were observed
between wild-type versus fpr3 and zip3 versus zip3 fpr3.
as expected for a single synapsis initiation event
per chromosome pair (Figure 5B), and 90% of
short Zip1 stretches were centromere associated
(Figure 5D). These observations indicate that
Fpr3 activity prevents a large fraction of centro-
meric synapsis initiation events in zip3 mutants
and are consistent with the idea that Fpr3 and
Zip3 in parallel regulate SC assembly at centro-
meres in recombination-proficient cells.
Does Fpr3 influence SC assembly in other mutants that
exhibit a synapsis delay? DMC1 encodes a recombinase
required for strand exchange during meiosis [23, 24]. In
dmc1 mutants, meiotic recombination is initiated but not
completed properly; synapsis is initiated, but accumulation
of chromosome-length Zip1 stretches is delayed [23, 24].
Consistent with published results [16], we found no role for
Fpr3 in preventing SC assembly in dmc1 meiotic nuclei;
furthermore, fpr3 did not change the fraction of SC initiation
events that were centromere associated (Figure S1, compare
dmc1 to dmc1 fpr3).
Zip2 and Zip4 Are Dispensable for Synapsis in the zip3 fpr3
Mutant
In contrast to Zip3, Zip2 and Zip4 functions are normally
essential for all synapsis initiations [9, 13]. It was therefore
surprising to find that SC assembly occurred independently
of Zip2 (Figures 6A–6E) and Zip4 (data not shown) activities
in zip3 fpr3 mutants. Strikingly, the fraction of meiotic nuclei
exhibiting Zip1 linear stretches and the overall extent of Zip1
polymerization was indistinguishable between zip3 fpr3 and
zip2 zip3 fpr3 cells (Figures 6B and 6C). Moreover, the extent
of Zip1 polymerization was similar between spo11 zip3 fpr3
cells with or without Zip2 (Figures 6D and 6E). Synapsis initia-
tions in both spo11 zip3 fpr3 and zip3 fpr3 meiotic cells
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associated (Figure 6F). Thus, whereas Zip2 (and Zip4) func-
tions are essential for synapsis initiation during ‘‘normal’’
meiosis, the synapsis that occurs when Zip3 and Fpr3 are
both absent does not require Zip2 or Zip4. Even though Zip2
is not required for synapsis in zip3 fpr3, the Zip2 protein
does localize to chromosomes to an extent similar to that
observed in zip3 (Figure S3).
Discussion
Separate Pathways Prevent Inappropriate Synapsis at
Centromeres
We began this study with the speculation that yeast cells have
a mechanism that prevents SC assembly in the absence of
meiotic recombination. Our characterization of two genes
involved in regulating Zip1 polymerization indicates that yeast
cells indeed utilize multiple pathways to suppress inappro-
priate synapsis.
Fpr3 and Zip3 together prevent Zip1 polymerization from
centromeric chromosomal regions in spo11 mutants. In fact,
the two gene products appear to function redundantly in the
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Figure 6. Synapsis from Centromeres in zip3 fpr3
Cells Is Zip2 Independent
(A) Upper panels show DNA (blue) and Zip1
(green) on spread meiotic nuclei from spo11
mutants. Lower panels show meiotic cores
(anti-Red1, red) and anti-Zip1 (green) in spread
meiotic nuclei from SPO11+ strains. Arrow at
lower right points to a zip2 zip3 fpr3 chromosome
XII pair with a Zip1-deficient (unsynapsed) region
adjacent to the nucleolar organizing region
(NOR). Because SC does not span the NOR,
synapsis on one side of this chromosomal region
would require synapsis initiation at a noncentro-
meric site. Scale bar represents 1 mm.
(B–E) Scatter plots show the rate and extent of
synapsis in zip2 zip3 fpr3 combinations in
SPO11+ (B and C) and spo11 (D and E) back-
grounds. Nuclei were plotted as described in
Figures 3G and 3H; at least 50 nuclei were plotted
for each strain. Data shown in (B) and (C) belong
to a large time-course data set that also includes
the data shown in Figure 5; note that wild-type
and fpr3 data (shown in Figure 5) are omitted
here. At 16 hr, zip2 zip3 fpr3 cells exhibited signif-
icantly higher cumulative levels of Zip1 as
compared with zip3 cells (p < 0.0001 by two-
tailed Mann Whitney test); no significant differ-
ences in the cumulative length of Zip1 were
apparent between zip2 zip3 fpr3 and either zip3
fpr3 or wild-type strains.
(F) Short Zip1 stretches (0.35–0.65 mm in length)
exhibited by zip2 zip3 fpr3 nuclei are almost
exclusively centromere associated. The number
of short Zip1 stretches analyzed was 42, 207,
and 30 for zip2 spo11 zip3 fpr3, zip2 zip3 fpr3,
and zip2 zip3 cells, respectively.
sense that the absence of either gene
alone has little effect on synapsis,
whereas missing both functions leads
to quite dramatic SC assembly. How-
ever, several observations suggest that
Fpr3 and Zip3 play separate molecular
roles in regulating synapsis. First, the
spatial distributions of Fpr3 and Zip3 suggest that these
factors regulate Zip1 polymerization at different subcellular
locations. Fpr3 localizes predominantly to the meiotic nucleo-
plasm, whereas Zip3 localizes to centromeres early in meiotic
prophase [22]. Second, the fpr3 and zip3 mutations have
opposing effects on polycomplex formation, with fpr3 muta-
tion reducing polycomplex formation and zip3 mutation
enhancing polycomplex assembly. Finally, the fact that the
fpr3 mutation modulates the synapsis phenotype of zip3
mutants suggests that Fpr3 controls Zip1 at least in part inde-
pendently of Zip3 activity.
We speculate that, prior to recombination initiation, nucle-
oplasmic Fpr3 forces Zip1 to be in an ‘‘inactive’’ state while
Zip3 acts at centromeric sites, perhaps on chromatin
proteins themselves or alternatively on Zip1, to prevent SC
assembly (Figure S3). Signals downstream of recombination
initiation then oppose Fpr3 activity to increase the pool of
‘‘active’’ Zip1. Spo11 signaling, directly or indirectly, also
triggers synapsis initiation complex proteins, such as Zip2
and Zip4, to localize to centromeres and counteract the
barriers to synapsis previously established by Fpr3 and
Zip3.
Synapsis Regulation at Centromeres
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The Fpr3 proline isomerase has already been implicated as
having a role downstream of Spo11 signaling. Hochwagen
et al. [16] showed that Fpr3 is required to maintain a checkpoint
response triggered by a meiotic recombination defect. Here,
we have identified a novel meiotic role for Fpr3 in regulating
SC assembly when recombination initiation has failed. In
such a regulatory capacity, Fpr3 does not control a true cel-
lular checkpoint, because spo11 cells do not exhibit cell-cycle
arrest. However, Fpr3 might act in a checkpoint-like manner to
ensure that certain chromosomal events (i.e., SC assembly)
are contingent upon the successful completion of earlier
events (i.e., early recombination events).
Proline isomerases have been shown to have chaperone-
like activity that can affect the enzymatic activity of target
proteins [16, 25–27]. Hochwagen et al. [16] demonstrated
that Fpr3 mediates a component of the meiotic recombination
checkpoint via inhibition of Glc7 phosphatase activity. These
investigators showed that Glc7 overexpression bypasses the
cell-cycle delay in dmc1 cells, similar to the bypass elicited
by the fpr3 mutation [16]. In contrast, a transgene overex-
pressing GLC7 during meiosis does not phenocopy the fpr3
mutation with respect to SC assembly on chromosomes
(data not shown), suggesting that Glc7 does not promote
Zip1 polymerization. Nevertheless, we envision that Fpr3
targets an enzyme that in turn regulates a posttranslational
modification of Zip1 or another SC component. Alternatively,
perhaps Fpr3 acts directly on Zip1 protein folding to influence
the capacity of Zip1 to assemble the SC central region.
Zip3 Has Opposing Roles in SC Assembly
The fact that Zip3 plays a negative role in the regulation of Zip1
assembly is surprising, because it was previously implicated in
promoting synapsis [8]. One way to reconcile these opposing
roles is by postulating that Zip3 inhibits Zip1 polymerization
specifically at centromeres, where it is known to be dispens-
able for promoting synapsis [22].
Zip3 protein has been found to have SUMO E3 ligase activity
[18] (although it is not the only E3 ligase active in meiosis [18,
19]). Because sumoylation has a broad range of protein regu-
latory roles [28], one can envision that Zip3 carries out its posi-
tive and negative roles through controlling the sumoylation of
different protein targets. Zip3 might regulate sumoylation of
SC proteins, chromosomal axis components, or centromeric
proteins to either encourage or discourage Zip1 stability
and/or Zip1’s capacity to polymerize on meiotic chromatin.
A Central Role for Centromeres in Homologous Synapsis?
In C. elegans, in which recombination is dispensable for homo-
log pairing and synapsis, a single cis-acting site on each chro-
mosome, called the pairing center, appears to coordinate
homologous pairing with SC assembly [6]. In yeast, recombina-
tion might be mechanistically required for homologous pairing,
but our observations suggest that it is not required for synapsis.
At least early on in meiosis, most synapsis initiates at centro-
meric sites, where recombination is not likely to occur [22, 29,
30]. Moreover, we have demonstrated here that recombination
need not occur anywhere in the genome in order for synapsis
to initiate at centromeres. Nevertheless, the earliest synapsis
events in yeast, which serve to reinforce chromosome partner
choice, overwhelmingly occur atcentromeres. Thus, we wonder
whether a singular site on each yeast chromosome (the centro-
mere) is a specialized locale, analogous to C. elegans pairing
center sites, where homologous recognition (pairing) and thereinforcement of paired associations (synapsis) are coordi-
nated. If so, it appears that this coordination involves inhibitory
roles of Fpr3 and Zip3at centromeres, together with counteract-
ing, positive signals downstream of recombination and/or
pairing (presumably involving the Zip2 and Zip4 proteins).
To date, a role for yeast centromeres in ensuring homolo-
gous synapsis has not been demonstrated. We have found
little evidence for nonhomologous synapsis in the zip3 fpr3
double mutant (Figure S5), which, according to our model, is
missing a significant portion of the machinery needed to
prevent inappropriate synapsis at centromeres. Perhaps yeast
and worms share a similar mechanism for homologous syn-
apsis but yeast cells have evolved to rely on it to a lesser
degree. It follows from this argument that meiotic contexts in
which alternative potential pairing strategies, such as recom-
bination, are disrupted might result in an increased reliance
on the centromeric synapsis machinery in yeast.
Experimental Procedures
Strains
Yeast genetic manipulations were carried out via standard procedures.
Except for the wild-type SK1 strain [31], all strains used in this study were
diploids in which both haploid parents were isogenic with BR1919-8B [24].
Genetic crosses were used to construct strains carrying multiple mutations.
See Supplemental Experimental Procedures for additional strain information.
Western Blot Analysis
Meiotic cell extracts were prepared as described previously [8]. Beads
carrying immunoprecipitated Zip1 protein (see Supplemental Experimental
Procedures) were boiled in NuPAGE LDS sample buffer (Invitrogen), and
eluates were separated on 4%–12% Bis-Tris polyacrylamide gels (Invitro-
gen) with 13MOPS running buffer (Invitrogen). After transfer, polyvinylidene
fluoride membranes were incubated with polyclonal rabbit anti-Zip1 [12]
and rat anti-tubulin (Sera Lab) antibodies overnight at 4C. Detection of
primary antibodies was carried out with alkaline phosphatase-conjugated
secondary antibodies (Jackson ImmunoResearch).
Cytology
Semisquash preparations (Figure 1B) were performed as described by
Fuchs and Loidl [32]. Meiotic chromosome spreads were performed as
described by Agarwal and Roeder [8]. Fluorescence in situ hybridization
in conjunction with immunostaining was performed as described by Chua
and Roeder [9]. Additional information on cytology and imaging is provided
in Supplemental Experimental Procedures.
Statistical Analysis
Fisher’s exact test was used for statistical analysis of polycomplex forma-
tion data in Figure 1 and homologous pairing data in Figure S2. The
Mann-Whitney test was used for statistical analysis of scatter plot data in
Figure 5 and Figure 6. Tests were performed with InStat 3 and Prism soft-
ware (www.graphpad.com).
Supplemental Data
Supplemental Data include Supplemental Experimental Procedures, five
figures, and six movies and can be found with this article online at http://
www.cell.com/current-biology/supplemental/S0960-9822(09)01625-X.
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